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CIRCUITS AND METHODS FOR
DETERMINING THE TEMPERATURE OF A
TRANSISTOR

BACKGROUND

Some transistors are used 1n circuits to provide bandgap
voltage references and temperatures sensors. In bandgap ret-
erences, a transistor 1s used to generate a constant voltage that
1s independent of temperature. Temperature sensor circuits
use a voltage from a PN junction in a transistor to measure
temperature. The temperature sensor circuits require voltage
measurements on the transistors at different current densities.
Because the gain, which 1s sometimes referred to as the beta
values, may vary with current density, the bandgap and tem-
perature sensor circuits may not be accurate. The problem 1s
especially prevalent with ultra deep submicron CMOS (com-
plimentary metal oxide semiconductor) transistors having
low beta values.

SUMMARY

Methods and circuits for measuring the temperature of a
transistor are disclosed. An embodiment of the method
includes providing a current into a circuit, wherein the circuit
1s connected to the transistor. A variable resistance 1s con-
nected between the base and collector of the transistor. The
circuit has a first mode and a second mode, wherein the
current 1n the first mode flows into the base of the transistor
and through the resistance and the current 1n the second mode
flows into the emitter of the transistor. Voltages in both the
first mode and the second mode are measured using different
resistance settings. The temperature of the transistor 1s calcu-
lated based on the difference between the different voltages.

[l

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of a circuit for measuring,
temperature using measured base to emitter voltages of a
transistor.

FIG. 2 1s a schematic diagram of a circuit for measuring
betas of transistors at different current densities.

FIG. 3 1s a flowchart describing a method of computing a
beta compensation factor using the measurements from the
circuit of FIG. 2.

FI1G. 4 1s a schematic diagram of another circuit for mea-
suring temperature using measured base to emitter voltages
ol a transistor.

DETAILED DESCRIPTION

Circuits and methods that measure the beta (3) or gain of
transistors are described herein. By accurately measuring
beta, the temperature of the transistor can be accurately mea-
sured. The accurate temperature measurement enables the
transistor to be used 1n precise bandgap voltage generators
and other applications.

The beta value of a transistor 1s very critical when the
transistor 1s used in temperature sensor or bandgap reference
circuits. More specifically, slight variations in the beta of a
transistor cause variations in the PTAT (proportional to abso-
lute temperature) voltage, which affects the temperature sens-
ing and bandgap reference circuits. The circuits and methods
described herein measure or extract the beta of a transistor,
such as a PNP transistor, at different current densities. The
beta measurements are used to generate a beta compensation-

—

factor, which can be used to establish very accurate PTAI

10

15

20

25

30

35

40

45

50

55

60

65

2

voltages. The accurate PTAT voltages are used for accurate
temperature measurements. As stated above, accurate tem-
perature measurements enable circuits to generate accurate
bandgap voltages. The circuits and methods may be used 1n
low beta PNP devices when biased at different current den-

sities to establish very accurate bandgap voltages and tem-
perature measurements.

Reference 1s made to FIG. 1, which shows a circuit 100 that
1s used to describe beta variations in a transistor Q1. The
circuit 100 may be used to measure the temperature of the
transistor Q1. The circuit 100 includes two current sources, a
first current source I1, and a second current source 12. The
second current source 12 generates a current I 5, , - and the first
current source I1 generates a current N(I5,,<), where N 1s a
multiplier. The first current source 11 generates N times the
current of the second current source 12 or N times the current

IBIA 5

The first current source I1 1s connected to a first switch
SW1 and the second current source 12 1s connected to a
second switch SW2. The outputs of the switches SW1, SW2
are connected together at a node N1. The emitter of the
transistor Q1 1s connected to the node N1. The base and
collector of the transistor Q1 are returned to ground. The
transistor Q1 may be a low beta CMOS transistor located in a
semiconductor die. The input of an analog to digital converter
(ADC) 102 1s connected to the node N1. It 1s noted that that
the ADC 102 may be replaced with a volt meter or other
voltage measuring device. In the embodiment described
herein, the output o the ADC 102 15 a digital representation of
the difference between the base to emitter voltages for the two
current values (I, ,.and Ntimes I, , ), which is referred to as

AV ...

The operation of the circuit 100 will now be described. The
current 1n the collector of the transistor Q1 1s equal to the
difference between the base current and the emitter current.
Either the first switch SW1 or the second switch SW2 will be
closed during operation, which will drive the emitter of the
transistor Q1 with eirther a current of I, , . or N(I;,,.). When
the first switch SW1 1s closed, the base to emitter voltage V 5
1s sampled by the ADC 102 based on the current N(I,,, <)
flowing through the transistor Q1. This voltage 1s sometimes
referred to as the voltage V,.,. When the second SW2 1s
closed, the ADC 102 samples the voltage V.. based on the
currentl,, . flowing through the transistor Q1. This voltage 1s
sometimes referred to as the voltage V5.,. The differences
between the voltages V., and V5., 1s a voltage AV .. and
may be integrated.

When the first switch SW1 1s closed, the voltage V...,
generated by the collector current 1 -, 1s calculated based on
equation 1 as follows:

Vors = “’jTTm(*’C_l)

Equation 1

where 1. 1s the reversed-bias saturation current, m 1s the
threshold slope parameter of the transistor Q1, k 1s the Bolt-
zmann constant (1.38x107%°), T is the temperature of the
base/emitter junction, and q 1s the electron charge
(1.69x107""). When the switch SW2 is closed, the voltage
V.-, generated by the collector current 1., 1s calculated
based on equation 2 as follows:
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nkT (Icg) Equation 2

Vpeo = —1In

5
The difference 1n V.. voltages, AV ., 1s derived from

equations 1 and 2 and 1s described by equation 3 as follows:

Equation 3 |

AVgp = iV?'F(—Tm("‘“)

g fco

The collector current I -, 1s calculated by taking the Beta of
the transistor Q1 into account. The current 1n the collector I -,
which occurs when SW1 is closed, 1s calculated based on
equation 4 as follows:

15

1 Equation 4
7 Ir 20

1+ —

pi

ley =

where I, 1s the emitter current and where 3, 1s the beta at
the current density related to 1.,. When the switch SW2 1s
closed, the collector current I, 1s calculated based on equa-
tion 5 as follows:

25

1 Equation 5 30

1352
1+ —

p2

fcr =

By substituting equations 4 and 5 into equation 3, the

35
voltage difference AV .. becomes the following:

r‘l I A\
.|__
P2
lN
1+ —

\ ,31 /

Equation 6

nkT

ﬁVBE = ——In 40
/)

Assuming that N 1s equal to 10 and mj 1s equal to 1, the

temperature T may be calculated using equation 7 as follows: 45
q Equation 7
T = AV nkln(NV)
1 »
1+ — 50
P2
l 1
_I_ S
14—~ Pr
In(N)
55

The denominator of equation 7 represents the effect of the
beta values on the accuracy of temperature measurement. A
slight change 1n one of the beta values will cause the tempera-
ture measurement to be erroneous. If the beta values can be
measured accurately, a compensation factor may be calcu-
lated that can be applied to cancel this error. The beta com-
pensation factor compensates for beta variations to provide
accurate temperature measurements.

Having described beta and beta compensation, circuits and
methods for determiming or extracting beta and using the
extracted beta to measure temperature will now be described.
Reference 1s made to FIG. 2, which shows a circuit 200 for
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measuring the beta of a transistor Q2. The circuit 200 includes
a current source 13 that 1s connected to a switch SW3 and a

switch SW4. Both switches SW3, SW4 may be controlled by
a controller that 1s not shown 1n FIG. 2. The switch SW3 1s
connected to the emitter of the transistor Q2. The base of the
transistor (Q2 1s connected to the switch SW4 and a node N2.
The collector of the transistor Q2 1s connected to around.
The node N2 provides a node for measuring a voltage
between the base and collector of the transistor Q2 by use of
a voltage detector 202. The voltage detector 202 measures a
voltage V ... between the node N2 and ground, which 1s the
voltage between the base and the collector of the transistor
Q2. The node N2 1s connected to ground by a plurality of
resistors R1-R4 connected 1n series. In some embodiments,
the resistor R1 may have a value of 10 k€2, the resistor R2 may
have a value of 5 k&2, the resistor R3 may have a value of 1 k€2,
and the resistor R4 may have a value 01 0.5 k€2. The junctions

ol the resistors R1-R4 are connected to the node N2 by way of
switches SW5-SW7, so the combination of resistors R1-R4 1s
sometimes referred to as a variable resistance. It 1s noted that
the individual resistors R1-R4 could be replaced by a variable
resistor. The use of the switches SW3-SW7 enables four beta
currents to be applied 1n the circuit 200, which 1s primarily
used to determine the beta 1n series resistance cancellation
circuits, which are described below. By changing the switches
SWS-SW7, the base to collector voltage of the transistor ()2
changes, which can be used to keep the full-scale signal into
the voltage detector 202 constant for all beta measurements.

The emitter current, 1., 1n the transistor Q2 1s equal to the
sum of the collector current, I ., and the base current I,,. The
collector current I ~1s also equal to beta multiplied by the base
current. Thus, beta can be described by equation 8 as follows:

Ir Equation &

-2
b I

The current ratio of equation 8 can be measured by mea-
suring the voltage V... across the plurality of resistors
R1-R4. More specifically, afirst voltage V ..o, 1s measured by
the voltage detector 202 when third switch SW3 1s open and
fourth switch SW4 1s closed. A second voltage V ..., 1s mea-
sured when the third switch SW3 1s closed and the fourth
switch SW4 1s open. The first voltage V ..., 1s proportional to
the emitter current I and the second voltage V ../, 1S propor-
tional to the base current 1,. By substituting the voltages
Ve and V oo, 1Into equation 8 and inverting 1t, the value of
1/ 1s measured using equation 9 as follows:

Vs, Equation 9

1
B Vonsi-vens,

The inverse beta values from equation 9 can be substituted
into equation 7 1n order to determine the temperature of the
transistor Q2. It 1s noted that there will be two measurements
ol beta using different currents in order to calculate p1 and {32
as used 1n equation 7.

Having described the circuit 200, a method of using the
circuit 200 to measure the temperature of the transistor Q2
based on the above-described beta compensation will now be
described. The description 1s supplemented by the flowchart
250 of FIG. 3. The method commences at step 252 where the
voltages V cr.o; and V ..o, are measured using a first configu-
ration of the resistors R1-R4. The first configuration of resis-
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tors R1-R4 1s established by opening and closing certain
switches SW3-SW7. For example, the switches SW5-SW7
may be closed so that the current only passes through the
resistor R4. In step 254, the value of 1/{3, 1s calculated based
on equation 9.

Per equation 7, two values of beta, p1 and 2, are required,
so at step 2356 V ..o, and V o, are measured using a second
configuration of resistors R1-R4. For example, all the
switches SW5-SW7 may be opened. The second configura-
tion of resistors R1-R4 causes a second current flow through
the transistor Q2. In step 258, the value of 1/f3, 1s calculated
based on'V .».¢; and V ..o, that were measured using the sec-
ond configuration of resistors R1-R4.

At this point, values of 1/f3, and 1/f3, have been calculated,
so the beta compensation factor of equation 7, which 1s the
inverse of the denominator, can be calculated as stated 1n step
260. The compensated temperature of the transistor Q2 is
then readily calculated per equation 7 as described 1n step
262. It 1s noted that rather than calculate the natural logarithm
functions of equation 7, look up tables may be used based on
the different beta values. The result of the temperature mea-
surement described above 1s a very accurate temperature
measurement that takes into account vanations in the beta
values caused by different current densities.

The methods described above are applicable to many cir-
cuits, such as temperature measurement circuits, where two
beta values (31 and [2) are used. In other embodiments, more
beta values may be required. For example, 1n series resistance
cancellation (SRC) embodiments or bandgap voltage genera-
tion circuits, four values of beta are typically required to be
calculated.

An example of a circuit 300 showing beta error 1n a SRC
configuration 1s shown in FIG. 4. The circuit 300 has four
current sources 14-17. The current source 14 generates a cur-
rent that 1s N times a current I 5, , - and 1s referred to as N1, , ..
The current source IS5 generates a current that 1s 15, ,.. The
current source 16 generates a current that1s twice N(I, ) and
1s referred to as 2NI,,, .. The current source 17 generates a
current that 1s twice 15, ,. and 1s referred to as 21;,,.. The
above currents of the current sources 14-17 are exemplary and
other currents may be used by the circuit 300.

The current sources 14-17 are connected to a node N3 by
switches SW8-SW11, respectively. The node N3 1s connected
to a voltage detector 302, wherein the voltage detector 302
measures the voltage between the node N3 and ground. The
node N3 1s also connected to the emitter of a transistor Q3 by
way of a resistor R5. The base and collector of the transistor
Q3 are returned to ground. The circuit 300 provides a baseline
for the equations necessary to measure the temperature of the
transistor Q3 when 1n a SRC format. The temperature will be
measured using the circuit 300, FIG. 4, as described further
below.

The current sources 14 and IS are used to generate a voltage
A, ., and the current sources 16 and 17 are used to generate a
voltage AV ;... For example, the switch SW8 1s closed and
the remaining switches SW9-SW11 are open. The voltage at
the node N3 1s measured by the voltage detector 302. Subse-
quently, the switch SW9 1s closed and the remaining switches,
SW8, SW10, and SW11 are opened. The voltage at the node
N3 1s measured again. The difference between the two mea-

sured voltages 1s A, ;. The same 1s done with the switches
SW10 and SW11 to measure the voltage A,..,. Four beta
values, [31-p4, are calculated as described above by closing,

each of the switches SW8-SW11.
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Based on the foregoing, the difference in the voltages AV ..
1s described by equation 10 as follows:

i

(1 | (1 1
+ — + —
’BZN '84N
1 q |
1+ — 1+ —

. B . B3

Equation 10
nkT
2&1/551 —ﬁVBEz =2——In
o

From equation 10, the temperature of the transistor Q3 1s
readily dertved by equation 11 as follows:

q Equation 11
kIn(/N)
T = (2&1”351 — &VBEZ) / nl 3 4 1
|+ — I+ —
oo — P2 | | — 2
1 + : I+ :
1 N X )81 J B . ;6’3 /
[n(N) In(N)

Equation 11 can be used with SRC circuits and the circuit
200 of FIG. 2 to determine the temperature of the transistor
Q2. It 1s noted that the factor of twice AV, may vary
depending on the resistor values and the current flowing
through the transistor Q2. By using the circuit 200 of FIG. 2,
the temperature measurement can be made without the use of
the four current sources of the circuit 300. The method of
measuring temperature 1s the same as described by the flow-
chart 250 of FIG. 3, except that there are four beta measure-
ments mstead of two and there are two voltage differences
instead of one. For example, p1 may be measured with all the
switches SW5-SW'7 closed. The measurement of p2 may be
made with switches SW5 and SW6 closed. The measurement
of p3 may be made with the switch SWS3 closed and the
measurement of 34 may be made with ail the switches SWS5-
SWT7 open.

The circuits and methods described above enable accurate
temperature measurements ol transistors. These accurate
measurements can be used to generate very accurate bandgap
voltage references and other circuits.

While 1llustrative and presently preferred embodiments of
the invention have been described 1n detail herein, 1t 1s to be
understood that the inventive concepts may be otherwise vari-
ously embodied and employed and that the appended claims
are itended to be construed to include such variations except
insofar as limited by the prior art.

What 1s claimed 1s:
1. A circuit for measuring the temperature of a transistor,
the circuit comprising:

a current source:

a first switch connected between the current source and the
emitter of the transistor;

a second switch connected between the current source and
the base of the transistor;

a node connected to the base of the transistor and the first
switch;

a voltage detector connected to the first node;

a variable resistance connected 1n series between the node
and a common voltage;

wherein the collector of the transistor 1s connected to the
common voltage; and

wherein when the first switch 1s closed, the second switch
1s open, and when the first switch 1s open, the second
switch 1s closed.
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2. The circuit of claim 1, wherein the variable resistance
COmMprises:

a plurality of resistors connected in series between the node

and the common voltage; and

a plurality of third switches connected between at least one

ol the junctions of the plurality of resistors and the node.

3. The circuit of claim 2, wherein the plurality of resistors
comprises four resistors, a first resistor connected to a second
resistor, the second resistor being connected to a third resistor,
and the third resistor being connected to a fourth resistor; the
value of the second resistor being twice the value of the first
resistor; and the value of the fourth resistor being twice the
value of the third resistor.

4. The circuit of claim 1, wherein the common voltage 1s
ground.

5. The circuit of claim 1, wherein the circuit 1s operable to:

measure a first voltage at the node when first switch 1s open

and the second switch 1s closed; and

measure a second voltage at the node when the first switch

1s open and the second switch 1s closed;

change the resistance value between the node and the com-

mon voltage;

measure a third voltage at the node when first switch 1s

open and the second switch 1s closed; and

measure a fourth voltage at the node when the first switch

1s open and the second switch 1s closed.

6. The circuit of claim S, wherein the temperature 1s pro-
portional to the difference between the first voltage and the
second voltage and the difference between the third voltage
and the fourth voltage.

7. The circuit of claim 1, wherein the circuit 1s operable to:

set the variable resistance to a first value;

measure a first voltage at the node when first switch 1s open

and the second switch 1s closed; and

measure a second voltage at the node when the first switch

1s open and the second switch 1s closed;
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change the variable resistance to a second value;

measure a third voltage at the node when first switch 1s
open and the second switch 1s closed; and

measure a fourth voltage at the node when the first switch
1s open and the second switch 1s closed;

change the variable resistance to a third value;

measure a fifth voltage at the node when first switch 1s open
and the second switch 1s closed; and

measure a sixth voltage at the node when the first switch 1s
open and the second switch 1s closed;

change the variable resistance to a fourth value;

measure a seventh voltage at the node when first switch 1s
open and the second switch 1s closed; and

measure an eighth voltage at the node when the first switch
1s open and the second switch 1s closed.

8. A circuit for measuring the temperature of a PNP tran-

sistor, the circuit comprising:

a current source having an output;

a first switch connected between the output of the current
source and the emitter of the transistor;

a second switch being connected between the output of the
current source and the base of the transistor;

a node connected to the base of the transistor and the first
switch;

a voltage detector connected to the first node;

a plurality of resistors connected in series between the node
and ground; and

a plurality of third switches connected between at least one
of the junctions of the plurality of resistors and the node;

wherein the collector of the transistor 1s connected to
ground; and

wherein when the first switch 1s closed, the second switch
1s open, and when the first switch 1s open, the second
switch 1s closed.
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